The interest in the effects of shock on HDDs has come into currency due to the increasingly hostile environments encountered in the usage of many consumer electronics and portable devices. This paper discusses the shock pulse width effects in operational drop test simulation of a small form factor disk drive. The drive is subjected to half sine acceleration shock pulse with varying width. A finite element model of the hard disk drive is developed in the commercially available finite element package, ANSYS/LSDYNA. The sub-10 nm air bearing between the disk and the slider is modeled by nonlinear springs. The contact between the disk and the slider is also considered. It is found that the shock response of the drive is sensitive to the shock pulse width. The developed method can be applied to evaluate the mechanical & dynamic characteristics of any other small structure, such as MEMS devices and micro/nano-scale devices.
Introduction
Areal density of hard disk drives (HDDs) has been increasing steadily in the last decade. Highly stable headdisk interface at ultralow flying height has been required to meet the challenge of high-density magnetic recording technology towards terabit per square inch areal densities or beyond [1] . As the flying height of the head/disk interface has been reduced to the sub-10 nm flying height regime, the mechanical robustness of HDDs under shock during operational states is of a greater concern. One important damage mode of the HDD is the "head slap" behavior, which is triggered by a shock load that exceeds the suspension preload, causing the head to fly off from the disk and then slap on the disk. The particles generated on the disk medium may cause contamination problem.
The head slap should be strictly avoided. One approach for dealing with the shock problems is to design a robust mechanical system and slider/disk interface. Many studies were focused on the numerical and theoretical aspects of the shock response of the mechanical system and its effects on the head-disk interface.
Allen and Bogy [2] studied the shock response at the component level for the disk, the suspension and the slider. Shu et al. [3] performed a drop test simulation of a head actuator assembly subjected to half-sine acceleration pulses. A pseudo-resonance phenomenon was observed and investigated by finite element simulation and a single-degreeof-freedom (SDOF) model. Bhargava and Bogy [4] investigated the dynamic response of small form factor hard disk drives and found that a disk system is more robust to downward shock than upward shock. Shi et al. [5] conducted operational shock simulation with a finite-element model, and investigated the pulse width effect of a half sine shock pulse on the shock response. The air bearing was modeled with linear springs, which were not able to capture the true behavior of the air bearing.
In this study, the shock response in drop test simulation of a small form factor disk drive was investigated. A finite element model of the hard disk drive is developed in the commercially available finite element package, ANSYS/LSDYNA. The air bearing between the disk and the slider is modeled by nonlinear springs. The contact between the disk and the slider is also considered. Figure 1 shows the finite element (FE) model of the HDA, including those of the disk and the HAA, as well as the air bearing between the disk and the slider. The FE model of the HDA has 4861 nodes and 3642 elements, including 1601 solid elements, 2036 shell elements and 5 spring elements. To produce a prescribed preloading force between the slider and the disk, the HAA was preformed with an initial bending angle at the middle line of the hinge. The preloading can be conducted by doing a nonlinear static analysis. The geometry of the HDA will be updated for the following step of dynamic analysis. After updating, the disk surface is parallel to X-Y coordinate. Shocks are simulated as half sine acceleration pulses which are applied at the center of the disk and the arm in negative Z direction. The pulse amplitude is kept at 200 G and the width of the shock pulse is varied from 0.2 ms to 1.0 ms. The five spring elements located at the center and side rails of the slider are to simulate the vertical stiffness, pitch stiffness and roll stiffness of the air bearing [5] . The air bearing behavior is nonlinear [6] [7] [8] [9] . The vertical stiffness was a function of flying height [8] [9] . Additionally, the air bearing force also behaves nonlinearly with respect to pitch angle and roll angle. In this paper, only the nonlinearity of the vertical stiffness is considered. Fig. 2 displays the nonlinear relationship between the air bearing force and flying height when the pitch angle and roll angle are fixed at 80 radians and 0 radians. The nonlinear spring elements are described with force/displacement relation in consideration of the nonlinearity of the vertical stiffness as shown in Fig. 2. Figure 3 shows the shock response for 1.0 ms, 0.6 ms shock. In Fig. 3(a) , it can be seen that during the negative shock, the flying height increases from the steady flying height of 7 nm to reach a peak. This is because both the disk and the suspension bend up due to the negative shock, but the suspension being more flexible than the disk, has a tendency to lift off the disk. The lift-off of the slider causes the air bearing force decrease as shown in Fig. 3(b) . Fig. 3(a) shows that both the maximum flying height and the amplitude of the oscillation of the flying height after the shock increase with the decreasing of the shock pulse width from 1.0 ms to 0.6 ms. Fig. 3(b) shows that the minimum air bearing force decreases and the amplitude of the oscillation of the air bearing force after the shock increases with the decreasing of the shock pulse width. The air bearing force achieves a minimum vale of -0.0005 N for 0.6 ms shock in Fig. 3(b) , which does not cause the air bearing to break. The air bearing is able to retain the slider on the disk. On the other hand, the air bearing is able to prevent the impact between the slider and the disk. The minimum flying height for 0.6 ms shock in Fig. 3(a) goes beyond 5 nm. There are no impact forces exist as shown in Fig. 3(c) . Next, this paper changes the shock width to 0.2 ms as shown in Fig. 4 . Comparison between Fig. 3(a) and Fig.  4(a) shows that both the maximum flying height and the amplitude of the oscillation of the flying height after the shock increase much greater for 0.2 ms shock. In Fig. 4(b) , the maximum air bearing force grows much bigger than that in Fig. 3(b) for 1.0 ms and 0.6 ms shock. The air bearing force achieves a minimum vale of -0.0045 N, which does not cause the air bearing to break. The air bearing is able to retain the slider on the disk. But the air bearing is not able to prevent the impact between the slider and the disk in this case. The minimum flying height for 0.2 ms shock in Fig. 4(a) goes below 0 nm. The impact forces are shown in Fig. 4(c) .
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Conclusion
In this paper, the shock pulse width effects in operational drop test simulation of a small form factor disk drive are investigated. A finite element model of the hard disk drive is developed in the commercially available finite element package, ANSYS/LSDYNA. The sub-10 nm air bearing between the disk and the slider is modeled by nonlinear springs. The contact between the disk and the slider is also considered. The shock responses to shock pulses with varying width from 1.0 ms to 0.2 ms are obtained. It is found that the shock response of the drive is sensitive to the shock pulse width. Both the maximum flying height and the amplitude of the oscillation of the flying height after the shock increase with the decreasing of the shock pulse width. The impact between the slider and the disk is likely to happen for the short width shock pulse. The short width shock pulse should be avoided by providing padding or isolation system for the HDD. 
